METHODS
Firstly, the order of singularity is derived by eigen analysis based on a finite element method, FEM. Secondly, the stress distributions near the stress singular fields on each interface of Siresin and resin-FR-4.5 are obtained by boundary element method, BEM. Next, the intensity of stress singularity in the r-and φ-directions on each interface is determined to estimate the bonding strength in the joints. Finally, three-dimensional stress singularity, K 1ij 3D , is obtained by combining the intensity of singularity in the r-and φ-directions. A relationship between the bonding strength at the vertex and the thickness of resin is investigated using these results.
In the previous study [1] on the three-dimensional stress singularity, when a triple root of eigen value p=1 exists, logarithmic singularity occurs at the stress field. Then, the stress field at a vertex in three-dimensional joints can be expressed as follows.
where N=3(with a triple root of p=1), N=4(with a quadruple root of p=1). λ vertex represents the order of stress singularity at a vertex. Coefficient K 1ij represents the intensity of stress singularity in the r-direction. Here, angular function f ij (θ,φ) for stress σ ij can be obtained from eigen vector corresponding to eigen value p. In this analysis, stress components for mode I, II and III in a crack, σ θθ , σ rθ and σ φθ , are investigated. Angular functions for the stresses on the interface can be expressed by the following equations.
where coefficients L 1ij represent the intensity of singularity in the φ−direction, λ line1 and λ line2 represent the order of singularity for singularity lines. In the present paper, λ line1 and λ line2 are the same value, λ line , since the angles and material combinations related to the singularity lines on both side surfaces are identical. Three-dimensional intensity of singularity can be derived from Eq. (1) by combining the intensity of singularity in the r-and φ-directions, K 1ij and L 1ij . Model for analysis is an elastic three-layered block joint which IC (Si) and substrate (FR-4.5) are jointed by a resin underfill. Si and FR-4.5 are W=20mm in width and 10mm in height. In order to clarify an influence of interlayer thickness on the vertex of two interfaces (Si-Resin and Resin-FR-4.5), the thickness of resin, t, is varied from 0.002 to 100mm (t=0.002, 0.004, 0.01, 0.025, 0.1, 0.2, 0.4, 1, 2, 4, 10, 20, 40, 100mm). A unit external load is applied to the top of the model. A spherical coordinate system with an origin at the vertex is used in this analysis. Material properties are shown in Table 1 , where material properties of Si estimated as isotropic materials are used in the analysis [2] .
RESULTS
To estimate the three-dimensional stress singularity, the orders of singularity at the vertex and on the stress singularity lines are obtained firstly by eigen analysis. The orders of singularity at the vertex and side line are shown in Table 2 .
Stress distributions on each interface are calculated using BEM to obtain the intensity of stress singularity. The intensity of stress singularity in the r-direction is shown in Fig. 1 . Here, the stress distribution in the φ-direction is demonstrated. A relationship between the intensity of stress singularity, L 1ij , in the φ-direction for each interface and the thickness of resin is shown for three stress components, σ θθ , σ rθ , σ φθ , in Fig. 2 . Markers indicate the intensity of singularity obtained from the stress distributions in BEM, lines represent those obtained from angular functions in eigen analysis. Components, σ θθ , σ rθ , f θθ and f rθ are normalized by the value at φ=45º on the interface, and components, σ φθ and f φθ are normalized by the value at φ=30º on the interface. In Fig.2 , it is found that L 1θθ is the largest value, next L 1φθ , and L 1rθ is nearly zero. It is supposed that L 1rθ is nearly zero since σ rθ in the φ-direction does not have the singular term in Eq.(3). All components do not vary with the thickness of resin. Hence, on comparison with L 1ij
Eigen which are determined by combination of the materials only, the values of all components, L 1ij , are near to those for eigen analysis, L 1ij Eigen . Three-dimensional intensity of stress singularity, K 1ij 3D =K 1ij L 1ij , can be obtained by combining the intensity of singularity in the r-and φ-directions. K 1ij 3D at each interface is shown in Fig. 3 . A relationship of K 1ij and the thickness of resin governs the variation of K 1ij against t/W (Fig. 1 ). 
Figure 2 Intensity of singularity for φ-direction, L 1ij , against t/W on each interface Because L 1ij is constant against the thickness of resin. K 1θθ 3D is especially larger than another shear stress components. Hence, when the bonding strength in the joints is estimated by the intensity of stress singularity, shear stress components may be neglected and only component of normal stress should be considered. Furthermore, the value of K 1ij 3D increase with increasing the thickness of resin. When the thickness of resin is equal to the width of the model, the intensity of singularity demonstrates an upper limit, as well as the distribution of K 1ij .
CONCLUSIONS
Singular stress analysis in the three-layered block joints is conducted for various thicknesses of resin under an external load, and a relationship between three-dimensional intensity of stress singularity and the thickness of resin is investigated. Results are summarized as follows. 1. The intensity of stress singularity in the φ-direction, L 1ij , was not affected by the thickness of resin. The values were near to the values of L 1ij Eigen which were obtained from angular functions. 2. Three-dimensional intensity of stress singularity, K 1ij 3D was related to the thickness of resin in a similar way to the intensity of singularity in the r-direction, K 1ij , because L 1ij were nearly constant against the thickness of resin. 3. L 1ij for shear stress components were very small. Hence, only K 1θθ 3D may govern the failure of joints. 4. The value of K 1ij 3D increased with increasing the thickness of resin, and they attained to the upper limit when the thickness of resin is equal to the width of the joint.
